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ABSTRACT 
Neutron radiography was used to study root development in upland rice (Oryza sativa L . )  during and after 
a short period of drought. The limit of resolution (approx. 0.1 mm) of the method allows for the study of the 
adventitious root system in rice during the tillering stage. However the resolution is not sufficient to study 
development of the seminal system. Enlargement of neutron radiographs shows further details of primary root 
system. 
Thirty-six-day-old seedlings of two rice cultivars were subjected to a 4-day water stress followed by 
rewatering. Neutron radiography revealed dehydration and inhibition of root growth during water stress. 
During post-drought rewatering, the two cultivars behaved differently with regards to the secondary root 
growth recovery. 
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INTRODUCTION 
In West Africa and especially in the Ivory Coast, rainfall is very irregular and the soil 
used for cultivation of upland rice Oryza sativa L. usually has a low water table (Gigou, 
1973). Harvesting is affected when a drought period, even of short duration, occurs at 
a crucial time in the life cycle. This is particularly true of upland rice which is less drought 
tolerant than most cereals (Moorman and Veldkamp, 1978). Development of the root 
system helps the plant to limit drought effects, by deeper penetration into the soil during 
water stress and by rapid recovery of growth when conditions return to normal (Russell, 
1977). 
The depth of the root system in upland rice has been studied as an adaptation to 
drought. (Chang, Loresto and Tagumpay, 1972; Reyniers, Kalms and Ridders, 1976; 
Reyniers et al., 1979; Purkridge and O'T~oie, 1980). However few studies have been 
conducted on growth of the root system during stress and rewatering, because of the 
difficulty in making observations in situ. 
The non-destructive neutron radiography technique allows observations to be made 
of a complete root system in the soil. This technique has been described by Couchat and 
Moutonnet (1974) and applied to study the germination of Zea mays L. (Couchat et al., 
1980), and Glycine max L. (Willat, Struss and Taylor, 1978; Willat and Struss, 1979). 
Neutron radiography is similar to the X-ray method. The object to be analysed is placed 
in a thermal neutron beam of a nuclear reactor. The neutron flux is modified by light 
elements (mainly hydrogen contained in soil water and roots) and exposes a sensitive 
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film. In the present study, the technique was used to study the effects of water stress on 
development of the root system in upland rice. After studying the reliability of this 
technique at different stages of seedling development, two upland rice cultivars were used 
to compare the behaviour of the root system after a short drought period followed by 
rewatering. 
MATERIALS A N D  METHODS 
The two upland rice cultivars used are widely cultivated in the Ivory Coast: Irat 13 is 
a irradiated-mutant having drought-tolerant properties (Reyniers and Jacquot, 1978) and 
Iguape cateto, from Brazil, is considered to be moderately drought tolerant (Chang, 
Loresto and Tagumpay, 1974). 
The seedlings were grown in sand (granulometry: less than 2 mm; dry density: 
1.6 g cm-9; irrigation water supplied the nutrients. The sand trays were made of 1 mm 
aluminium sheets. They were 40 cm high 24 cm wide and 2 cm thick and had one 
removable side. The experiments were carried out in a growth chamber under the 
following conditions: 12 h day at 28 OC, 70 per cent r.h. and 400 FE m-2 s-l illumination, 
the night time temperature was 22 OC with 85 per cent relative humidity. 
Before neutron radiography, the sand was dried by a flow of ambient air through the 
sand trays to a residual moisture content of about 2 per cent by weight. After the 
radiography, the sand was watered to saturation. 
The Mirene reactor was used to obtain the neutron radiographs (Houelle, Mercier 
and Revol, 1975) following the technique described by Couchat et al. (1980). The quality 
of the prints allowed for suitable enlargement of the photographs. 
At the end of the experiment, the root system of each seedling was entirely recovered 
and the spatial arrangement was maintained with the needleboard technique (Bonzon 
and Picard, 1969). Then, a root system photograph was taken. Root elongation and new 
growth measurement were carried out using tracings applied to the successive neutron 
radiographs. Primary or adventitious roots from the tillering layer, were distinguished 
from secondary roots that are first order branching (Picard and Jacquot, 1976). 
In the study of root systems at different stages of development, neutron radiographs 
were taken on three Irat 13 rice seedlings, at 18,28 and 48 days, respectively. They were 
grown under unlimited water supply. The vegetative development was as follows: on the 
18-day seedling, there was one tiller with three leaves; on the 28-day seedling, one tiller 
with five leaves; and on the 48-day seedling, three tillers with 7, 4 and 3 leaves. 
To examine the effect of water stress two seedlings (cvs Irat'l3 and Iguape) were sub- 
jected to a 4-day drought by stopping the irrigation on day 36 post-sowing. Neutron 
radiographs were taken on day 36 (before stress), on day 40 (at the end of the stress 
period), on days 44 and 48 (4 and 8 days after rewatering). A control seedling was watered 
continually, Due to the low-water retention capacity of the sand a high degree of stress 
was obtained within 3 days as shown by leaf rolling and wilting. At the end of the 
experiment, the vegetative development was as follows : control seedling (Irat 13), two 
tillers with five and six leaves; Irat 13 stressed seedling, two tillers with four and five 
leaves; Iguape cateto stressed seedling, two tillers with three and five leaves. 
RESULTS 
Study of three development stages of the root system of Irat 13 seedlings under unlimited 
water supply 
The neutron radiograph from an 18-day seedling shows the seminal root system 
(Fig. IA) but not in any detail. The first days of development of upland rice roots 
cannot be studied by neutron radiography because the roots are too thin. However. 
this was possible with maize which has thicker roots (Couchat et al., 1980). 
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FIG. 1. Root growth of two seedlings 28 and 48 days old. A, Neutron radiograph of the 18-day-old 
seedling. B, Neutron radiograph of the 28-day-old seedling. C, Neutron radiograph of the 48-day-old 
seedling, D, Photograph of the same seedling after root system recovery. 
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On the 28-day-old seedling, about ten primary roots of several centimetres long were 
observed (Fig. 1B). Figure 1C shows a well developed root system with roots longer than 
25 cm, on the 48-day-old seedling. Comparison of neutron radiograph (Fig. IC) with 
the corresponding photograph (Fig. 1D) reveals that 90 per cent of the primary roots 
are recorded by neutron radiography. The number of primary roots counted at 3 cm from 
the tillering level, was as follows: 25 on the neutron radiograph, 27 on the photograph 
and 28 on the rice seedling. Primary roots of 0.5 to 1 mm in diameter can be observed 
except when there is print superposition over the print. Thinner sections and secondary 
roots (less than 0-1 mm in diameter) are less visible. Note that a 0.33 mm resolution has 
been reported by Willat et al. (1978). The upper portion of the print is easier to study 
because it is an area rich in young and thick roots and long roots with few rootlets. On 
the other hand, the lower portion has several intertwined and ramified roots, making 
study more difficult. 
A closer look at the neutron radiograph in Fig. 1@ reveals a dark line in the centre 
of several thick roots. Enlargement of the neutron radiograph (Fig. 2) shows that this 
dark area corresponds to the central cylinder (stele) which is richer in water content. El 
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FIG. 2. Primary root structure detailed by neutron radiography. Enlargment. ep, Epidermis; 
cc, central cylinder. Bar = 1 mm. 
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Aishy (1979) estimated the stele to be 25 per cent of the root diameter, that is about 
0.15 mm here, which is close to the limit of resolution of the method. 
Effects of a short drought period oit upland rice root development 
Qualitative results. Comparison of neutron radiographs taken on days 36 and 40 
post-sowing revealed, for the control seedling, the growth of several primary roots 
(Fig. 3A, B) whereas for the seedlings stressed from days 36 to 40, growth was almost 
nil (Fig. 3D, E, G, H). On day 40, some primary roots appear lighter than on the day 
36 photographs; their apparent diameter is smaller which is also shown by the neutron 
radiograph (Fig. 4A, B). This phenomenon is a drought effect and the roots lose part 
of their water content. Huck, Kepper and Taylor (1970) on Gossypiuni kirsutum L. and 
Cruiziat (1974) on Helianthus annuus L. and Pliaseolus vulgaris L. reported decreases in 
root diameter of 30 to 50 per cent during drought. Root suberification and necrosis can 
also explain the lighter area, which is sometimes noticed on non-stressed seedling. 
After a normal irrigation period for all seedlings, on day 44, the stressed seedlings 
showed some growth recovery and production of numerous more visible thicker 
secondary roots (Fig. 3F, I). Secondary roots formed on roots having apices that were 
not growing (Fig. 3H, I), (Fig. 4C, D) as well as on elongating roots. Primary root 
production was almost nil contrary to the observation of Picard (1973) on Panicum 
FIG. 3. Effect of a short drought period (between days 36 to 40 after seedling) on the root system 
of two upland rice varieties. A, D, G, day 36; B, E, H, day 40; C, F, I, day 44. A-C, cv. Irat 13 - normal 
irrigation; D-F, cv. Irat 13 - water stress; G-I, cv. Iguape Cateto - water stress. Arrow heads indicate 
area of root diameter decrease; arrows indicate new secondary root starting area; a--, b-, root 
elongation area. 
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FIG. 4. A (day 36), B (day 40), Decrease of root diameter in cv. Irat 13 under water stress. Enlargement. 
C (day 40), D (day 44), New secondary roots after rewatering. cv. Iguape Cateto. Enlargement. 
maximum Jacq. for which there was a stimulation ?f production when the soil was 
rewatered. By day 48, new secondary roots produced were longer and thinner. Primary 
root elongation was also observed except for one or two roots having a damaged apical 
meristem. 
Quantitative results. The upper 12 cm of the neutron radiographs were used for 
measurements and counting. The number of primary roots visible on neutron radio- 
graphs represented about 75 per cent of the true root number counted at the end of 
the experiment on Irat 13 seedlings and 60 per cent df Iguape Cateto seedlings having 
thinner roots. 
Table 1 shows elongation of the total root system and the mean elongation rate during 
the three 4 day periods. The number of observations was too low to distinguish between 
primary and secondary roots. 
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TABLE 1. Growth of the root system of three upland rice seedlings 
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Period from day 36 to 40 Period from day 40 to 44 Period from day 44 to 48 
Average Average Average 
Total elongation Total elongation Total elongation 
elongation rate elongation rate elongation rate 
in 4 days (mm day-' in 4 days (mm day-' in 4 days (mm day-' 
("1 per root) ("1 per root) ("1 per root) 
C 
Zrat 13 
' Control 110 (12)* 2.3 90 (12) 1.9 140 (15) 2.3 
Zrat 13 
(constant water supply) 
Water stress O O 160 (18) 2.2 165 (14) 2.9 
(from days 36 to 40) 
Iguape Cateto 
Water stress 8 (1) - 435 (44) 2.5 250 (16) 3.8 
(from days 36 to 40) 
* Numbers in parentheses are numbers of roots observed. 
Differences in elongation rate between the three periods were not significant for the 
control seedling (rate: 2 mm day-l). However, root extension of the other two seedlings 
almost stopped during the stress period. Rewatering stimulated elongation of primary 
roots and secondary roots (2.35 mm day-l per root) at a rate comparable to the control 
seedling. During the last period, the elongation rate increased for the stressed seedlings 
(2.9 and 3.8 mm day-l per root). 
Comparison of these values can be'made with field data which usually consists of 
overall measurements of rooting depth vs time: Chopart and Nicou (1976) measured the 
average length of the five longest roots of three rice cultivars at the three growth stages. 
A growth rate of 9.5 mm day-l between days 1 and 32 can be calculated from their results. 
Picard and Jacquot (1976) gave starting growth rates (elongation rate of young roots, 
smaller than 3 cm long) of 4-5 to 10 mm day-l between days 15 and 51. Truong and 
Beundard (1 978), under aeroponic growth, measured directly the maximum length 
reached vs time: this gave a growth rate of 8.5 mm day-l between days 31 and 38 for 
Irat 13 cultivar. 
Elongation rates measured from neutron radiography were slightly slower. This is to 
be expected since root penetration resistance, nil under aeroponic conditions, is higher 
in sand (density of 1.6 g ~ m - ~ )  than in cultivated soil (density between 1.2 and 1.5 g cm-9). 
Moreover, measurement is obtained from a representative sample of the root system 
whereas the values quoted above are based on the long roots or very young roots. 
Table 2 summarizes changes in the root system of each seedling during the 4-day 
periods: After 4 days of rewatering numerous secondary roots emerged especially on the 
Iguape Cateto cultivar. During the last period of unlimited water supply, production 
and elongation rates of roots of the stressed seedlings became comparable to the 
rates in control seedling. 
DISCUSSION 
Neutron radiography at three development stages of upland rice seedlings revealed the 
difficulty in studying the fine seminal root system by this technique. The method can 
be improved by neutron radiograph enlargement and in this case, it is well above the 
technique's resolution limit which is close to O. 1 mm. The seminal root system degenerates 
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TABLE 2. Breakdown of the changes observed in each seedling root system between the 
taking of two neutron radiographs 
Period Period Period 
days days days 
36 to 40 40 to44 44 to 48 
Zrat 13 New primary roots 2 1 O 
Control New secondary roots 3 4 7 
(Constant water supply) Elongating primary roots 6 5 2 
Elongating secondary roots 1 2 6 
Total of growing roots 12 12 15 
Zrat 13 New primary roots O 1 1 
Water stress New secondary roots O 16 2 
(days 36 to 40) Elongating primary roots O 1 3 
Elongating secondary roots O O 8 
Total of growing roots O 18 14 
Iguape cateto New primary roots O 2 2 
Water stress New secondary roots O 38 4 
(days 36 to 40) Elongating primary roots 1 4 5 
Elongating secondary roots O O 5 
Total of growing roots 1 44 16 
(Angladette, 1966) and is quickly replaced by the adventitious root system. The 
development of this root system during the tillering stage can be very well followed by 
neutron radiography. The primary root macrostructure can also be observed by this 
technique. 
The water stress applied under the conditions described, caused, in the two rice 
cultivars, partial dehydration of the root system which is shown by a decrease in diameter. 
This water loss inhibits growth by loss of turgescence in the elongation zones (Lawlor, 
1969) and by increased root penetration resistance in dry sand (Baver, Gardner and 
Gardner, 1972). After rewatering the substrate, growth recovery is revealed by primary 
root elongation and by secondary root production especially in the Iguape Cateto 
cultivar. In several graminaceous plants, recovery occurs first by the rapid development 
of new primary roots (Russell, 1977). It seems that recovery is achieved first from the 
existing root system. The observed lack of primary root production could have been due 
to an inadequate moisture content of the same medium at the tillering level. This could 
be tested by using soil in place of sand as the growth medium. 
The different behaviour of the two cultivars could be interpreted in terms of drought 
adaptation. The cultivar Iguape Cateto showed a greater growth recovery after stress 
than Irat 13. This compensates for the delay due to the drought and can be viewed as 
useful adaptation. But another hypothesis can be formulated: Iguape Cateto could have 
a more sensitive root system, leading to a greater reaction to 'water stress. The two 
contrary interpretations reveal the complexity of the drought tolerant phenomenon 
resulting from different adaptation mechanisms. 
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